A reverse transcription-polymerase chain reaction (RT-PCR) assay was developed for detection of bovine respiratory syncytial virus (BRSV) in lung tissue of naturally and experimentally infected cattle. Primers were selected from the gene coding the F fusion protein, which is relatively conserved among BRSV isolates. The RT-PCR assay was highly specific, it yielded positive reactions only when performed on BRSVinfected cell cultures or tissues. The detection limit of the RT-PCR assay was assessed as 5 TCID 50 . BRSV was detected in tissues of the respiratory tract and in the tracheobroncheal lymph node of calves euthanized 2-8 days after experimental infection with BRSV, whereas samples of other tissues and samples from mock-infected animals were negative at all time points. Examination of lung samples from 8 different regions of the lungs revealed that although the virus was most often found in the cranioventral lobules, it was frequently present in all lung lobules. Microbiologic examinations of all acute fatal cases of pneumonia (135 animals) in cattle submitted for diagnostic purposes during 1 year revealed that Actinomyces pyogenes (11%), Haemophilus somnus (10%), Pasteurella sp. (7%), and Pasteurella haemolytica (7%) were the most common bacterial agents found in the lungs. BRSV was identified using a conventional antigen enzyme-linked immunosorbent assay (ELISA) in 23 (17%) animals. The established BRSV-specific RT-PCR assay yielded positive results for the same 23 animals. In addition, 10 animals that were negative with the ELISA were positive with the RT-PCR assay. These results indicates that the RT-PCR assay can be a sensitive, reliable alternative to conventional diagnostic procedures.
Respiratory disease is one of the most important health problems in young Danish cattle, resulting in substantial financial losses for the industry. 4, 22 Approximately 20% of the bovine samples submitted to the Danish Veterinary Laboratory (DVL) for diagnostic purposes originate from cattle with a history of respiratory symptoms. Bovine respiratory syncytial virus (BRSV), Pasteurella, Haemophilus somnus, and Actinomyces pyogenes are the pathogens most often associated with pneumonia. 22, 13 More sensitive diagnostic tests are needed; in approximately half of the cases submitted to DVL with a history of respiratory disease, no pathogens are identified (Tegtmeier et al., unpublished) . More sensitive diagnostic methods for detection of bacterial pathogens have recently been developed. 21 At present, antigen enzyme-linked immunosorbent assays (ELISAs) are used for detection of viral antigen. This assay is faster and more reliable than virus isolation from clinical materials but has a low or variable sensitivity and specificity. 15 Detection of virus-specific DNA or RNA with the polymerase chain reaction (PCR) method provides a sensitive and specific diagnostic approach, and combined reverse transcription-PCR (RT-PCR) assays have been developed for diagnosis of several RNA viruses. 1, 25 A RT-PCR assay was developed for detection of BRSV. The assay was applied on clinical specimens obtained from 135 natural outbreaks of respiratory disease, and the sensitivity was compared with that of conventional diagnostic methods. In addition, the RT-PCR assay was used to detect BRSV-specific RNA in various tissues from calves experimentally infected with BRSV to gain information about tissue distribution and time course of BRSV infection in calves.
Materials and Methods
Bovine field samples. A total of 135 field samples submitted to DVL in 1995 were included in the analysis. The samples constituted all bovine clinical samples obtained from cattle with history of acute respiratory disease. The cattle had either been euthanized in extremis or had died from disease. Whole lungs or tissue from lungs were transported to DVL by mail. On arrival, the lung tissue was ex- amined macroscopically. Pieces of the samples were tested for the presence of BRSV, bovine coronavirus (COR), bovine parainfluenza-3 virus (PI-3), bovine adenovirus (BAV), and bovine viral diarrhea virus (BVDV) by antigen ELISA as previously described. 16, 22 Tests for infectious bovine rhinotracheitis virus are not routinely performed because Denmark is considered free from this infection. The samples were also tested for bacteria and antibacterial agents as previously described. 21 When indicated, samples were tested for the presence of fungi, including Aspergillus fumigatus. In addition, a sample of the lung tissue was excised and stored at Ϫ80 C for subsequent RNA isolation.
Experimental infections. A series of experimental infections of calves with BRSV was performed as detailed elsewhere (K. Tjørnehøj et al., unpublished). In all experiments, newborn or 7-14-day-old male Jersey calves purchased from 2 closed herds were reared in isolation units. The calves were infected once by combined aerosol and intratracheal inoculation of lung lavage from a BRSV-infected calf (test calves) or from a mock-infected calf (control calves) (experiments III and IV) or by the use of freeze-thawed mockor BRSV-infected cell cultures (experiments V and IX). The amount of virus was between 10 4,8 and 10 5.2 TCID 50 (50% tissue culture infective doses) as determined in a peroxidaselabeling assay (PLA). Apart from 2 calves euthanized an postinoculation days (PIDS) 4 and 8 in experiment IX, from which only 1 lung sample was tested, all test calves from the 4 experiments were included in the analysis. All samples from 2 control calves and 3 lung samples from an additional 7 control calves were also analyzed. The calves were euthanized between PIDs 2 and 30. Immediately after euthanasia, tissue from 8 predetermined sites in the right lung ( Fig. 1) , tracheal mucosa, nasal mucosa, tracheobronchial lymph node, and tonsils were excised and frozen in liquid nitrogen. Similarly, samples of the kidney, liver, and spleen were collected from the animals in experiment IX. Lavage fluid for antigen ELISA was obtained from the left lung after removal at necropsy.
Virus isolation. Five bovine field BRSV isolates (8307027, 9304899, 88Lu195, 9402020, 9402022) were isolated from acute outbreaks of respiratory disease in Denmark between 1983 and 1994. The lung tissues were homogenized and pretreated for 1 hr in Eagle's minimum essential medium (EMEM) with antibiotics and amphotericin b a prior to inoculation into calf fetal lung (CFL) cell cultures (60-80% cell confluence). After an absorption period of 1 hr at 37 C, the inoculum was discharged and the cells were incubated for up to 10 days in EMEM with 2% fetal calf serum. Passage of the virus isolates were performed by mechanical harvest of virus-infected cells at 80-90% cytopathic effect (CPE) followed by immediate freezing at Ϫ80 C. Tubes were thawed just before inoculation into fresh CFL cell monolayer for passage. A human respiratory syncitial virus (HRSV) subgroup A isolate b was propagated twice in Vero cells before RNA extraction.
PLA. For determination of the TCID 50 of the virus isolates, the PLA technique was performed based on a previously published protocol. 10 Five-fold dilutions of virus-containing cell lysate were added to each of 8 wells of primary CFL cells in 96-well culture microplates. c After 5-7 days, the plates were rinsed and fixed in 99% ethanol at Ϫ20 C for at least 1 hr. After rinsing, the monolayer was incubated for 1 hr at room temperature with a biotinylated hyperimmune anti-BRSV serum. 22 After incubation, the plates were rinsed and incubated again for 1 hr at room temperature with peroxidase-conjugated avidin. d The substrate (amino ethyl carbazole) a was added, and the reaction was scored by observation with an inverted microscope. The TCID 50 was calculated as previously suggested. 19 RNA extraction. Total RNA was isolated as previously described. 5 However, 1 extra chloroform extraction was performed, and the RNA was precipitated twice. Approximately 200 mg of lung tissue or 1 ϫ 10 6 cells was used. The RNA was resuspended in 50-200 l RNAse-free water, and the concentration and purity of the RNA were determined spectrophotometrically at 260 and 280 nm. The RNA samples were stored in ethanol at Ϫ80 C.
Synthesis of cDNA. Two micrograms of total RNA and 20 ng of random hexamers e were denaturated at 65 C, cooled on ice, and added to 1.5 mM of each dNTP, 4 l of 5ϫ reaction buffer (250 mM Tris HCl, pH 8.3; 375 mM KCl; 15 mM MgCl 2 ), 0.1 M dithiothreitol, 400 U reverse transcriptase, f and distilled H 2 O to a final reaction volume of 20 l. The reaction mix was held at 95 C for 10 min, 40 C for 60 min, and 90 C for 10 min and then cooled on ice. The cDNA was kept at Ϫ20 C for up to 1 wk before use in PCR.
Design of primers. The primers were selected in a region of the BRSV fusion protein (F protein) that is conserved between BRSV strains and is different from that of HRSV. 17 The specificity of the primer sequences was tested by comparison with all available sequences in GenBank. The sequences of the 2 primers were 5Ј-AACCGGCTTCCTTCAG-TAGAGC-3Ј (positive sense) and 5Ј-CAATACCACCCAC-GATCTGTCC-3Ј (negative sense). These primers flanked the 729 nucleotide segment including nucleotides 299-1,028 of the open reading frame of the BRSV F protein. 14 PCR. The optimal PCR conditions were investigated in a series of experiments. The optimized reactions were performed in a volume of 50 l including 10 pmol of each primer, 5 l of cDNA, 1.5 mM dCTP, dATP, and dGTP, 3.0 mM dUTP, 10 mM Tris HCl (pH 8.3), 50 mM KCl, 5 mM Mg 2 Cl, double distilled H 2 O, and 10 units of Taq polymer- ase. f Amplifications were performed with 35 cycles of denaturation at 94 C for 1 min, annealing at 55 C for 1 min, and primer extension at 72 C for 1.5 min (prolonged to 10 min at the last cycle). Blending of the reaction mix, addition of cDNA, and the thermocycling were performed at different locations to avoid cross-contamination. Known positive and blank controls were included in all runs. To investigate whether inhibitory substances were present in the RNA preparations, all negative samples from the experimental infections were spiked with a known positive RNA sample and retested.
Electrophoresis, cleavage, and cloning of the PCR product. Ten microliters of the PCR products were electrophoresed in a 1.5% agarose gel, stained with ethidium bromide, and visualized under ultraviolet light. To confirm the specificity of the reaction, the presence of an EcoR1 restriction enzyme recognization site at the center of the amplified region was confirmed by digestion of the PCR products with the EcoR1 restriction enzyme according to the manufacturer's recommendations. g In addition, the PCR product from 1 reaction was cloned into the TAII cloning vector h and sequenced. i Detection limits and specificity studies. The sensitivity of the RT-PCR reaction was investigated. The fifth passage of BRSV isolate 88Lu195 was inoculated into CFL cells. At 50-60% CPE, the cells were harvested and divided into 3 aliquots for determination of TCID 50 in the PLA, for test in the BRSV-specific antigen ELISA, and for RNA extraction. The PLA and antigen ELISA were performed with 5-fold dilutions, and the RT-PCR was performed on a 10-fold dilution series of the cell culture lysate. The specificity of the RT-PCR assay was evaluated by analyzing samples positive for BVDV, COR, PI-3, and BAV. Cross-reactivity to HRSV was investigated by performing RT-PCR on a Danish HRSV isolate.
Results

Specificity of the RT-PCR.
The RT-PCR yielded a distinct band at approximately 700 bp when performed with RNA extracted from a cell lysate of CFL cells inoculated with 5 different BRSV isolates (Fig. 2) . In contrast, no bands were seen when the assay was performed with mock-infected cell cultures. Digestion of the PCR products with the EcoR1 restriction enzyme generated 2 bands of approximately 360 bp, as predicted from the BRSV F protein nucleotide sequence (Fig. 2) . In addition, cloning and nucleotide sequencing of the PCR product from 1 reaction revealed that the nucleotide sequence corresponded to the region of nucleotides 299-1,028 of the BRSV F protein. 14 The specificity was further confirmed by the negative outcome of RT-PCR assays performed with RNA extracted from tissue or cell cultures infected with BVDV, COR, BAV, and PI-3. The assay amplified the BRSV only, as revealed by the negative outcome of reactions performed on an HRSV isolate.
Detection limits of the RT-PCR. The sensitivity of the BRSV RT-PCR assay was compared with that of the PLA test and the antigen ELISA by testing dilutions of a lysate of CFL cells inoculated with the BRSV isolate 88LU195 in all 3 assays. The cell lysate contained 2.9 ϫ 10 5 TCID 50 /ml of BRSV as determined in the PLA. Hence, when corrected for the volume used in each assay, the detection limits of the antigen ELISA and the RT-PCR were calculated to be 93 and 5 TCID 50 , respectively (Table 1) .
Experimental infections. The results of the RT-PCR analysis of RNA extracted from selected tissues from calves experimentally infected with control material or BRSV are listed in Table 2 . The clinical signs and extent of lung tissue damage for each animal are also indicated. BRSV-specific RNA was detected in at least 1 sample from all test calves euthanized prior to PID 15. In contrast, BRSV was not detected in any of the 9 control calves (the results from only 2 of these calves are shown in Table 2 ). BRSV was detected in the * Ϫ ϭ no signs; ϩ ϭ increased respiratory rate (Ͼ40 breaths/min) or elevated rectal temperature (Ͼ39.3 C); ϩϩ ϭ both increased respiratory rate and elevated temperature.
† Black areas represent consolidated lung tissues. Numbers refer to lung areas indicated in Fig. 1 . ‡ nd ϭ sample not collected/tested. (11) 14 (10) 10 (7) 10 (7) 8 (6) 8 (6) 3 (2) 1 (1) (14) 46 (34) 20 (15) * The total number of diagnosis exceeded the total number of animals because more than 1 agent was identified in 26 cattle.
lungs, tracheal mucosa, nasal mucosa, and tracheobroncheal lymph node of infected calves, and samples of the spleen, tonsil, liver, or kidney were negative at all time points (data not shown). All samples collected from 2 infected calves euthanized on PID 15 and 3 calves euthanized on PID 30 were negative, despite the pronounced macroscopic changes found in 1 of these calves. The BRSV-specific RNA was detected most frequently in the cranial part of the lung. Lung lavage collected from all experimental calves was tested in the antigen ELISA and yielded positive results in most calves euthanized between PID 2 and PID 8 ( Table 2 ). No differences in signs, macroscopic changes, nor virus distribution were detected between calves inoculated with lung lavage (experiments III and IV) and calves inoculated with cell culture lysates (experiments V and IX).
Clinical samples. Findings in 135 cases of enzootic pneumonia submitted to DVL during 1995 are listed in Table 3 . Antibacterial substances were detected in 40 cases (30%), corresponding to 68% of the cases in which bacteriologic culture attempts were negative. In 50 cases (37%), no pathologic agents were identified, but antibacterial substances were identified in 16 of these cases. Actinomyces pyogenes, Haemophilus somnus, Pasteurella species, P. haemolytica, P. multocida, and Salmonella dublin were the most common bacterial pathogens isolated. BRSV antigen was detected in 23 cattle (17%), of which bacterial pathogens were detected in 11 and inhibitory substances were detected in 6. BVDV was found in 10 animals (7%), of which 5 were concurrently infected with bacterial pathogens and 2 were concurrently infected with COR or BRSV. COR was detected in 6 animals, of which 5 were simultaneously infected with bacterial pathogens (3 cattle), BVDV (1), or BRSV (1). PI-3 was detected in 2 animals concurrently infected with bacterial pathogens. All 135 samples submitted for virologic examination were tested in the BRSV-specific RT-PCR assay. The 23 cattle positive for BRSV in the antigen ELISA were also positive when tested with the RT-PCR. In addition, 10 samples, which were negative in the antigen ELISA, were positive in the RT-PCR assay. Five of these animals were also infected with other pathogens.
Discussion
The diagnosis of certain viral infections is impeded by the lack of diagnostic procedures with sufficient sensitivity and specificity. 15 Isolation and subsequent culturing of some enveloped viruses are often unsuccessful because of the lability of such viruses. 8 Thus, detection of these viruses usually relies on detection of virus-specific antigens. Since its discovery 15 years ago, the PCR has become one of the most important tools in medical and veterinary diagnostic work and research. 2 In contrast to antigen detection, PCR requires only minimal amounts of virus-specific nucleic acid and provides, therefore, a more sensitive diagnostic approach. The RT-PCR assay described here was very specific; it yielded positive reactions only for RNA extracted from BRSV-infected cell culture and tissues. The specificity was further confirmed by nucleic acid sequencing and by the negative outcome of tests performed on samples positive for other bovine respiratory pathogens and HRSV. The detection limit of 5 TCID 50 is comparable to the sensitivity of RT-PCR assays established to detect HRSV 9,18 but 10 times less sensitive than other BRSV-specific assays. 24, 25 Nevertheless, comparative sensitivity testing revealed that the RT-PCR assay was more sensitive than the conventional antigen ELISA.
To study the tissue distribution of BRSV during the course of infection, RT-PCR assays were performed on samples obtained from calves experimentally infected with BRSV. From all calves euthanized between PID 2 and PID 8, virus-specific RNA was detected in tissues of the respiratory tract, but samples from the liver, kidney, and spleen tested negative at all time points. In another study, BRSV was detected by RT-PCR in nasal swabs and lung lavage samples from experimentally infected calves 2-7 and 4-11 days after experimental infection, respectively. 7 The presence of viral RNA in the regional lymph node may reflect phagocytosed virus or viral components carried to the lymph node by phagocytic cells, because BRSV is not thought to exhibit a viremic phase. Nevertheless, in a previous study, BRSV was detected by RT-PCR in the spleen and kidney (but not in the liver) of a single calf experimentally infected with BRSV and euthanized on PID 6. 24 In the present study, the sensitive RT-PCR assay was employed for the first time to assess the distribution of BRSV within the lungs at different time points after experimental BRSV infection. The results revealed that the virus is most often detected in the cranioventral part of the lungs, as previously found by the use of other techniques. 11, 12, 26 Viral RNA was also detected in the caudal part of the lungs of 3 of 4 calves euthanized on PID 4. In addition, 55 of 63 (87%) samples obtained from animals euthanized on PID 4 and PID 6 were positive in the RT-PCR assay even when the macroscopic changes were sparse, probably reflecting ongoing viral replication. On the contrary, samples collected after PID 8 were often negative in the RT-PCR despite severe lung tissue damage. By immunohistochemistry and in situ hybridization BRSV was previously detected in the caudal lung lobes from experimentally and naturally infected calves 26 (unpublished results). These data suggested that although BRSV can be detected in apparently unaffected parts of the lungs at the early stages of BRSV infection, immunopathologic mechanisms might be responsible for the more severe pathologic changes seen at later stages of the infection. 12 For routine diagnostic work, it is not feasible to use PCR to analyze more than 1 sample from each calf. Based on the present findings, samples for virus analyses should be collected from the proximal part of the first cranial lung lobule, irrespective of the macroscopic appearance.
Enzootic pneumonia is recognized worldwide as a disease caused by a number of microorganisms either alone or in combination, and several surveys have been performed to characterize the pathogens involved. 13 Most of these surveys either focused on certain groups of agents or included samples from only a limited number of calves. The present investigation included all acute, fatal cases of pneumonia submitted to DVL during 1 year and revealed that BRSV, H. somnus, A. pyogenes, Pasteurella species, P. haemolytica, P. multocida, and S. dublin were the most common microbiological agents found in the lungs, in accordance with the results of previous surveys performed in Denmark 4,22 and other countries. 13, 20 The established BRSV-specific RT-PCR assay was very sensitive in routine use and yielded positive results in all 23 animals that were BRSV antigen positive. In addition, 10 cattle that were negative with the ELISA were positive with the RT-PCR. For comparison, BRSV was detected with immunofluorescence in 23 of 35 (66%) nasal swabs from diseased calves, and 31 samples (89%) were positive with the RT-PCR. 25 Similarly, a comparison of RT-PCR and enzyme immunoassay for detection of HRSV using 202 nasopharyngeal aspirates from diseased children produced a relative sensitivity of 94.6% and a specificity of Ͼ97% for the RT-PCR assay. In another study, 6 the antigen assay was more sensitive than the RT-PCR, probably because of incorrect storage of the samples prior to RNA extraction. A reason for the relatively low sensitivity of the antigen assay could be antibody-mediated inhibition caused by the presence of local antibodies in the lungs as has been shown previously for other virus infections. 23 There is growing evidence that severe pneumonia may be ascribed to infection with BRSV only. BRSV is capable of inducing profound clinical signs and severe pathologic changes in experimental models. 3 In the present study, BRSV was identified in 16 clinical cases in which no other microorganisms or inhibitory substances were detected. In contrast, the ability of several other respiratory viruses to be the sole mediator of severe pneumonia has been questioned. Thus, only the presence of PI-3 and BRSV was clearly correlated with respiratory disease in a survey of 1,590 calves in the UK. 20 PI-3 was detected in only 2 animals in the present survey and coexisted in both animals with a bacterial infection. This finding further confirms that PI-3 is not a major cause of severe respiratory disease in Danish cattle. 4, 22 A sensitive RT-PCR assay for detection of BRSV in tissues from calves with natural or induced infection has been developed. Application of molecular diagnostic methods for identification of respiratory microbiologic agents may improve the diagnosis of causes of respiratory disease in cattle. 
